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Abstract 
   In last years, the demand of flat-plates solar collectors is constantly increasing; for this reason, it is necessary to 
improve their performance under different operating conditions. In this paper, experimental tests of a two-phase flat-
plate solar collector using acetone as a working fluid are analyzed. Advantages of Phase Change Systems (CPS) are 
the decrease of the risk of deformation or fissure due to freezing, as well as problems of fouling, scaling, corrosion 
and incrustations, increasing the lifetime of the systems. The thermal performance of the developed systems is 
evaluated based on the NMX-ES-004-NORMEX-2010 Mexican standard. Efficiency curves of thermal performance 
during the day and thermal losses at night, following the Mexican standard protocol, have been obtained.  Results 
show that the thermal behavior of the system studied is a little bit lower than the conventional systems for the day 
tests. For the night tests, the results are better than the conventional systems in one of the PCS, obtaining lower losses 
of temperature. It is necessary to continue with this research in order to obtain a PCS competitive against 
conventional systems.   
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1. Introduction 
   As an alternative to the primary energies (hydrocarbons), that produce depletion and environment 
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deterioration, there exist the renewable energies which origin comes from natural sources of energy such 
as the sun, the wind and the water. They are considered as inexhaustible sources of energy; however, they 
still present storage problems, and have low efficiency due to the low power produced in their facilities 
and their high cost of production in some cases. Today, the production of these energies is constantly 
increasing, but still remains below of expectations [1]. One of the main aims of the renewable energies is 
to decrease the CO2 emissions to the environment. According to the National Energy Balance of Mexico 
(2011), the consumption of energy using liquefied petroleum gas by residential sector was 285.76x1015 J, 
generating CO2 emissions of approximately 19.67x10¹² J in 2011 [2]. In response to the above, the Solar 
Domestic Water Heating Systems (SDWHS) represent an alternative to replace the hydrocarbons in water 
heating systems. 
 
1.1   Thermosyphonic systems 
 
   The thermosyphon effect is a principle in which, when a fluid is heated, it presents a vertical upward 
movement due to decreasing of its density with the increasing temperature. In the thermosyphon systems, 
when the solar irradiation reaches the collector, it is absorbed to increase the temperature of both the plate 
and the fluid inside the risers, decreasing its density. The fluid moves upwards to the tank by natural 
convection. The fluid with lower temperature (and denser) from the tank moves downwards, flooding the 
risers in a continuous cycle, as long as there is enough solar irradiation available (Figure 1). These 
physical principles are used in Conventional Systems (CS) for solar water heating. 
   The most common working fluid used for this kind of systems is the water; because it is a good 
substance for the energy accumulation process. The water heat capacity is 4,180 J/kg K [3]. However, 
traditional systems present some disadvantages: the corrosion in tubes due to high water salinity and the 
risk of breaking or deforming the tubing caused by water freezing in regions with low ambient 
temperatures [4].  
 
1.2 Phase Change Systems (PCS) 
 
   The operation of PCS is discussed in detail by previous work [5, 6]; these systems consists of a solar 
collector, a thermo tank and an internal closed circuit, in which the phase change working fluid resides 
(see Figure 2). In the closed circuit, the working fluid evaporates in the solar collector, moves by natural 
convection to the thermo tank, situated above the collector, where it is condensed in the immersed coil 
heat exchanger, transferring its latent heat of vaporization to the water; then, the working fluid moves 
back by gravity to the solar collector to repeat the cycle. In order to obtain the thermal performance of the 
system a homogenization loop is installed, a pump was used to homogenize the water in the thermo tank, 
to obtain the average temperatures at beginning and at the end of the solar irradiation tests to calculate the 
increment of water temperature, useful heat and efficiency of the system [7].  
   PCS have some advantages compared to conventional thermosyphon systems; for example, the risk of 
deformation or rupture of pipes from freezing is practically eliminated as the working fluids have freezing 
points far below zero; as the working fluids selected do not react with pipeline material, the PCS prevents 
problems of corrosion and obstruction of pipes when the salinity or calcium oxide concentration is high 
(hard water) [4]. A substance that can be used as working fluid for this kind of systems is acetone.  
Acetone is a colorless liquid with a characteristic odor, it evaporates at 56.2°C (329.4K) at atmospheric 
pressure and it dissolves in water, ethanol and ether in all proportions. It is good solvent for many organic 
substances [8]. 
   In small proportions, acetone is an environmental friendly fluid, in air half of the total amount of 
acetone is decomposed by the solar irradiation in 22 days. Acetone is moved from the atmosphere to 
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water and soil by rain and snow; it is not accumulated on the soil or animals since it is decomposed by 
microorganisms [9]. 
 
               
                  Figure 1. Thermosyphonic system                        Figure 2. Phase change system 
 
  1.3 Regulations 
 
   The use of national or international standards improve the quality of the equipment and systems, 
ensuring their lifetime and reducing the risk of monetary losses due to the acquisition of poor quality 
equipment; and also, it is possible to compare different systems. Some of the standards used in Mexico 
are: NMX-ES-001-NORMEX 2005 (standard for thermal performance and functionality of solar 
collectors for water heating, test methods and labeling), NMX-ES-002-NORMEX 2007 (contains 
definitions and terminology),  NMX-ES-003-NORMEX 2007 (standard of minimum requirements for the 
installation of solar thermal systems for water heating) [10], and recently the standard NMX-ES-004-
NORMEX 2010 (focused on the evaluation of domestic solar water heating systems and the test 
methods).  
   The standard NMX-ES-004-NORMEX 2010 contains different tests of integrity of the system and 
thermal performance tests for domestic solar water thermosyphon systems [11]. 
 
1.4 Objective 
 
    The aim of this work is to evaluate the thermal performance of two PCS and compared them with a 
conventional domestic solar water heating system (DSWHS) used as witness with the protocol established 
by NMX-ES-004-NORMEX 2010. 
 
2. Methodology 
 
2.1 Description of the system 
 
    The PCS main characteristics are shown in Table 1; the characteristics of the CS are exactly the same, 
without the coil heat exchanger. It is important to note that the PCS was filled with acetone because it is a 
substance that does not interact chemically with the copper [12]. The 10m coil PCS was filled with 
acetone to 48% of the volume of the primary circuit, while the 6m coil PCS was filled to 56% of the 
volume; these percentages correspond to optimal filling fraction obtained in a previous work [7]. For each 
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system, there were installed three temperature sensors inside the thermo tank to monitor the bottom, 14in 
long, middle, 9in long and the top, 4in long temperature distribution of the water in the thermo tank 
(Figure 3).  The sensors used for temperature measurements were Pt1000 type, which were referenced in 
the Instituto de Energías Renovables, obtaining an uncertainty of ±0.11 ° C. 
 
Table 1. Geometry and technical characteristics of the PCS  
 
Solar collector  
Collector type Flat plane 
Number of fin and tubes 
Material of fin and tubes 
6 
Cooper 
Selective surface Titanium oxide 
Risers and headers diameter 3/8” y 3/4” 
Cover 
 
Insulation 
6mm, Cellular polycarbonate, 1.73m2 (1.94m large x 
0.89m width) 
1” (25.4mm) polyuretane 
Thermo tank  
Material 
Internal diameter 
Insulation 
Capacity 
Position 
Stainless steel 
0.48m 
1” (24.5mm) Polyurethane 
160 liters 
Horizontal 
Coil  
Material 
Diameter 
Length: PCS1, PCS2 
 Position 
Cooper 
1/2" (12.7mm) 
10m, 6m 
Vertical coil installed at the bottom of the water heater 
Volume  of the entire closed loop  for the PCS 
PCS1 
PCS2 
2.89L 
3.78L 
 
2.2 Procedure 
 
   Figure 4 shows the experimental setup in the solar platform where there is a monitoring system 
integrated by a computer and a data acquisition equipment with multiplexer cards to receive signal from 
all measurement sensors installed in the solar system (temperature, pressure, solar irradiation, wind speed 
and direction). This area also has a water flow distributor with three valves that control the water in order 
to load the solar systems. The water used for the tests comes from a pair of tanks with controlled water 
temperature, the water is sent to the thermo tanks of the systems by a pump of 1.5 hp. Each tank is 
provided with a recirculation pump of 1/16 hp which is used to homogenize the water inside the tank. 
   The three thermo tanks, empty at the start of the test, are filled one coming from the auxiliary reservoirs 
(with controlled temperature). The test start time is determined by the month of the year and will be 
carried out four hours before solar noon, to conclude four hours after it; to know that time it is necessary 
to obtain the solar calendar of the place where the systems are tested. The data acquisition software is 
programmed to record every 60 s readings of each sensor. Before the beginning of the test, the 
homogenization pumps of each thermo tank are switch on for 5 min to ensure that the temperature 
difference measured by the sensors is lower than 0.5 °C; after that time, the average measured 
temperatures in the thermo tank is registered as the starting of the day test temperature, Ti,d. After that the 
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pumps of homogenization are switch off.  After 8 h of test, the recirculation pumps are switch on again to 
obtain the end of the test day temperature, Tf,d. 
 
 
 
Figure 3.Thermo tank instrumentation 
 
 
Figure 4. Test area in the solar platform 
    
    Instantaneous irradiance values must be summed over the period 8 h to get the value of the total solar 
irradiation (MJ/m²).  The average ambient temperature is calculated. For overnight test, the first datum 
recorded immediately after the homogenization of the thermo tank (at the end of the day test) is the 
starting temperature of the overnight test Ti,n (it is equal to Tf,d).  The overnight test runs for 15 h; at the 
end of this period, the water in the thermo tank is homogenized and the average temperature at the end of 
the night will be Tf,n and at that time the test is finished. Day or night tests are only valid if they reach the 
standards established in the Mexican standard NMX-ES-004-NORMEX-2010: the solar radiation (day) 
for 8 h test must be higher than 17MJ/m²; the average daytime ambient temperature should be at least 15 ° 
C, while the average minimum night ambient temperature should be 5 °C, in case of rain over a period 
longer than 20 min, the test will not be valid.  
 
3. Experimental Results 
 
   The protocol of NMX-ES-004-NORMEX 2010 establishes two types of graphs of thermal behavior, the 
first evaluation is given by the ratio of the heat gained by the water of the thermo tank between the solar 
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heat received by the collector; the second is expressed as the temperature difference between the water 
temperature at the start of the day test and the temperature reached in the thermo tank at the end of the 
test. The graphs of the night test are similar to the day test graphs, with the difference that during the 
night is not considered solar radiation, so that the values of y-axis for the first graph are given by the heat 
lost by the water inside the thermo tank. The y-axis values of the second graph are given by the 
temperature difference between the water temperature at the start of the night test and the temperature 
reached in the thermo tank at the end of the test. Each point on the graphs represents one day of tests. 
Tests were carried out during the months of May and June, 2013. 
 
 
              Figure 5. Day thermal behavior of Phase Change Systems and Conventional System  
 
   Figure 5 compares the day thermal behavior of the PCSs and the conventional system. The linear 
regression equations for these systems that represents the energy gain by water according to the solar 
irradiation received per square meter of collector MJ/MJ/m2 are: for PCS1 f(x)=-0.214x+0.604 with 
R²=0.98; for PCS2 f(x)=0.268x+0.595 with R²=0.98; and for CS f(x)=-0.252x+0.734 with R²=0.98. As 
can be seen the latter shows better performance with respect to the previous two. The PCS2 appears to 
maintain constant the difference with the conventional system, which is approximately 0.14 MJ/MJ/m². 
Moreover, the PCS1 has a variation along the x-axis relative to conventional system performance, such 
variation is of approximately 0.12 MJ/MJ/m² when (Ti,d – Ta)/H=-0.7 ºC·m²/MJ and decrease to 0.08 
MJ/MJ/m² when (Ti,d – Ta)/H=1.2 ºC·m²/MJ. 
   In Figure 6, the behavior of the lines is similar to Figure 5, with the difference that now the y axis 
shows the increment of water temperature in °C gained over the diurnal test for the system (160 liters of 
water). The linear regression equations are: for PCS1 f(x)=-5.760x+14.001 with R²=0.95; for PCS2 f(x)=-
7.307x+13.633 with R²=0.95; and for CS f(x)=-6.773x+17.091 with R²=0.97. As can be seen the highest 
temperature won by the conventional system is about 21 °C while for systems 1 and 2 are 17 and 18 °C 
respectively. 
   Figure 7 compares the night thermal behavior of the systems. The linear regression equations for the 
systems thermal losses at night in MJ are: for PCS1 f(x)=0.131x+0.697 with R²=0.97; for PCS2 
f(x)=0.188x+1.293 with R²=0.99; and for CS f(x)=0.177x+0.161 with R²=0.89. In this figure we can see 
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that the heat losses of the PCS2 are higher than those of the PCS1 and the CS. Thermal losses of the 
PCS1 and the CS exhibit similar behavior.    
 
          
Figure 6.  Day thermal behavior of Phase Change Systems and Conventional System 
 
        
Figure 7. Night thermal behavior of Phase Change Systems and Conventional System 
 
   The reason for the excessive losses in the thermo tank of the PCS2 was supposed to be that acetone 
stagnation occurred in the condenser coil (located inside the thermo tank). This fact promoted, during the 
night, heat transfer from the water in the thermo tank to the working fluid in the coil, increasing the 
thermal losses. This problem was not presented in the PCS1, for this reason the thermal losses for this 
system were not excessive. The condenser of the PCS2 has to be improved and replaced for further tests. 
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Figure 8.  Night thermal behavior of Phase Change Systems and Conventional System 
 
   In Figure 8 the linear regression equations for the decrease of temperature at night in °C are: for PCS1 
f(x) =0.171x+0.907 with R²=0.97; for PCS2 f(x)=0.246+1.684 with R²=0.99; and for CS f(x)=0.23x+0.21 
with R²=0.89. As can be seen, the PCS2 thermal losses were higher than conventional system losses; the 
PCS2 had a zone where the working fluid remains in stagnation and that fact increased the thermal losses 
at night.  On the other hand, the temperature difference between the PCS1 and CS are small, from 0 to 
1.2°C along the x-axis. 
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4. Conclusions 
 
    Although the conventional system shows better thermal performance in these experimental tests cannot 
be said that the performance of the PCS1 and the PCS2 are bad, apparently the temperature gained by 
three equipment during daytime tests is not greater than 4 °C. If we compare the slopes of the linear 
regression equations, of the Figure 5, it can see that the PCS1 have a minor slope compared with both 
PCS2 and CS; this fact allow that the thermal performance of the PCS1 do not decrease quickly when the 
differences between the initial fluid temperature and the environment is increased.  
      For the night test, we have that the PCS2 is the one that exhibits greater thermal loses, while the PCS1 
have better thermal performance compared with CS; however, the excessive thermal loses of PCS2 are 
caused by stagnation of acetone in the condenser coil, and in a future work the coil will be changed and 
other percentages of acetone filled fraction will be testes in order to try to obtain better thermal 
performance for the PC systems.  
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